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ABSTRACT 
The implementation of power-modulated phase sensitive detection in cavity enhanced 
absorption spectroscopy (CEAS) has been demonstrated in our laboratory to achieve 
detection limit of 4.4 ppm using cavity mirrors of moderate reflectivity of 0.9997 
separated at 175 cm. Following this lead, we explored possible improvement in detection 
limit. Three sets of cavity mirrors with different reflectivity and working range have been 
used to conduct CEAS together with various modulation schemes (power modulation, 
frequency modulation and concentration modulation). The performance of different 
mirror sets was tested by CEAS with direct digitization. 
Power-modulated CEAS using mirror set with factory specified reflectivity of 
0.99991 at 760 nm, separated at 175 cm, gave a detection limit of 32 ppm. This 
observation suggests that the reflectivity of this mirror set was not fully exploited. 
Preliminary study of frequency-modulated CEAS was attempted using mirror set with a 
reflectivity of 0.99995 at 1.4 i^m. An improvement factor of about five to six was 
obtained by using frequency modulation. CEAS coupled with a concentration-modulated 
phase sensitive detection scheme was investigated using a discharge cell fitted with 
mirror set with moderate reflectivity of about 0.9997 separated by 75 cm. Results 
obtained from different discharge conditions will be discussed. 
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Spectroscopic studies acquire structural and dynamic information of molecules 
through absorption, emission, or scattering of light. Observation of atomic and molecular 
spectra began in the more accessible visible region of the electromagnetic spectrum 
where human eyes were used as the detector. In 1665 Netwon' had started his famous 
experiments on the dispersion of white light into a range of colors using a triangular glass 
prism. His observation of the emission spectrum of the Sun marked the beginning of first 
spectroscopy. However it was until the 1860s that Bunsen and Kirchhoff^ beean to 
develop the prism spectroscope as an integrated unit using for analytical purpose. 
The development of quantum mechanics provides the theoretical basis to elucidate 
the structure and dynamics of molecular system from the observed spectra. These aspects 
have been summarized in Herzberg's classic books.�’*’，The wide availability of 
commercial laser sources triggered a revolutionary development in spectroscopy，The 
sensitivity and resolution are greatly improved by using laser radiation for spectroscopic 
studies. To date, a spectral resolution of Av/ v � 1 0 - 6 丑打^ a detection limit at ppm level 
can be easily achieved by laser spectroscopy. The high resolution and high sensitivity 
afforded by the laser sources have allowed the detailed investigation of species at very 
low abundance such as molecular ions and radicals present in reaction systems/'^'^ 
Among the various laser-based spectroscopic techniques, laser absorption 
spectroscopy is regarded as a simple, noninvasive and in situ technique. However, direct 
laser absorption spectroscopy suffers from low sensitivity due to the fact that a small 
1 
light attenuation is measured on top of the large background radiation. To address this 
issue, several experimental schemes such as multi-pass techniques with White cell'® or 
Herriott cell" to increase the absorption of light and zero background detection 
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technique such as velocity modulation and concentration modulation have been 
employed. 
In a different approach to increase sensitivity, O'Keefe and Deacon developed the 
cavity-ring down spectroscopy '^^  (CRDS). In conventional absorption experiment the net 
absorption of incident radiation is measured. An absorption spectrum can be obtained by 
plotting the transmitted light intensity against the frequency of light. For weak 
absorption, the Beer-Lambert law. 
I(v) = Io(v)exp[-K(v)d], (1) 
is used to relate the amount of light power absorbed to the concentration of the 
absorptive species, where Io(v) is the light intensity entering the sample, I(v) is the light 
intensity exiting the sample, d is the absorption path length through the sample and K(V) 
is the absorption coefficient of the absorber. 
CRDS on the other hand measures the rate of absorption but not the magnitude of 
absorption. This method measures the time decay of a light pulse trapped in an optical 
cavity that made of two highly reflective (R > 99.9%) concave mirrors with radii of 
curvature r separated by a distance L < 2r. Fig. 1 shows the schematic representation of 
cavity ring-down experiment. Light from a pulsed laser is coupled into cavity through 
one of the mirror. Since the mirror is highly reflective, most of the light is reflected back 
and only small fraction of light can enter the cavity unless the mode matching condition 
is satisfied. The light in the cavity reflects many times back and froth between the 
mirrors. At each pass, a small fraction of light leaks out from the cavity due to the finite 
2 
Fig.l Typical experimental set-up of pulsed CRDS based on O'Keefe and Deacon 
design. 
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mirror transmittance. The light power leaking out is proportional to the power remained 
in the cavity. By monitoring the output light intensity as a function of time, one can 
obtain the decay curve of light intensity, which follows a first order rate law, in the 
cavity. In an empty cavity, the total loss of light intensity is depended on the mirror 
reflectivity and expressed as 
T = L/C(1-R), (2) 
where L is the length of the cavity, c is the speed of light and R is the mirror reflectivity. 
The ring down time x, defined as the time in which the light intensity inside the cavity 
decreases to 1 / e of its initial value. 
In the presence of absorptive species, the total cavity losses will be increased, and the 
ring down time is expressed as 
T = L/C(1-R + KL), (3) 
where K is the absorption coefficient of the absorber. 
By comparing the decay constants of the empty cavity and the cavity filling with 
absorptive species, one can obtain the absorption coefficient of the absorptive species as 
a function of laser frequency. This approach provides effective optical path on the order 
of tens of kilometers. The first cavity ring down spectroscopic experiment was 
conducted by O'Keefe and Deacon in 1989.14 丁― demonstrated a fractional absorption 
of 1 X 10-6 CM-i per pass by recording the weak b'l^g (v=l,2) — X^ Z"g(v=0) bands of 
molecular oxygen. Following this remarkable work, CRDS has been established as a 
well known sensitive direct absorption technique. 
The purpose of using pulsed lasers in CRDS is to ensure that sufficient light power is 
injected into the cavity and the subsequent decay is completed before the next injection 
of light pulse. The use of pulsed laser, though simple, sacrifices the spectral resolution. 
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To achieve a better resolution, the use of cw-laser is a sensible option. Because of the 
low power output of cw-laser, injection of light into the cavity is very inefficient unless 
the frequency of the cavity mode is a multiple integer of the laser frequency (the mode 
matching condition). To overcome this problem, the cavity mode frequency is locked to 
the laser frequency to maintain the mode matching condition at all time. As soon as 
sufficient amount of light has been injected into the cavity, the light injection is stopped 
by using an optical shutter to block the l igh t .The light inside the cavity will decay 
exponentially and the ring down time can be determined. The first cw-CRDS was 
demonstrated by Romanini, Kachanov, Sadeghi and Stoeckel. A detection limit of 10"^  
cm"' was reported.16 Although this approach results a good sensitivity and better 
resolution, it has only been implemented by a handful of laboratories because of the 
complexity in the experimental apparatus. Another approach developed almost 
simultaneously by Meijer and coworkers, and O'Keefe and coworkers'^ is to make use 
of an unstabilized optical cavity aligned to have dense multi-fold of high order 
transverse mode. The injection of light occurs when there is an accidental mode 
matching between laser and cavity. This approach is adopted as cavity enhanced 
absorption spectroscopy (CEAS) 口 and integrated cavity output spectroscopy (ICOS) 
in which the power buildup in the cavity rather than the power decay is monitored after 
light injection. 
Such approach introduces a source of noise in the absorption spectrum because the 
power buildup in the cavity may vary relying on the time staying in resonance while 
laser frequency is continuously scanned. Engeln et al. solved the problem by fast 
scanning of laser with signal averaging". A comparable sensitivity of CRDS is achieved 
for CEAS. More recently, a modification of using a slow scanning laser and recording 
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the highest light intensity at a specified time period was adopted by Cheung et al'^ to 
achieve a detection limit of 0.29 ppm using mirrors of R�0.99999. 
Phase sensitive detection is a powerful technique in picking up weak signals in a 
very noisy background based on synchronously demodulating signals originally 
modulated at a reference frequency. Random noise not synchronized at the reference 
frequency is rejected. The coupling of power-modulated phase sensitive detection in 
cavity enhanced absorption spectroscopy (CEAS) has recently been set up in our 
laboratory to achieve detection limit of 4.4 ppm using cavity mirrors^® of moderate 
reflectivity (R~0.9997). This work demonstrated that phase sensitivity detection is 
capable of reducing the random noise in CEAS the same way as in the case of 
conventional absorption experiments. 
Following this lead, we explored possible improvement in detection limit. Three sets 
of cavity mirrors with different reflectivity and working range have been used to conduct 
CEAS based on various modulation schemes (power modulation, frequency modulation 
and concentration modulation). In usual White cell arrangement, the background free 
concentration modulation can reach a detectable fractional absorption ( A / / / ) of 10'^  
12,21,22 compared to power modulation of about 10"^ , ^^  Improvement in sensitivity of an 
order of magnitude was observed using power modulation in CEAS; therefore, if the 
same improvement can be achieved, improvement in two orders of magnitude may be 
observed by applying concentration modulation to CEAS to reach the order of 10 ppb in 
fractional absorption. 
The body of this thesis is divided into four parts, the experimental details and the 
apparatus, Ti-sapphire laser spectrometer and diode laser spectrometer, employed in 
performing CAES with three modulation schemes (power modulation, frequency 
6 
modulation and concentration modulation) will be presented in chapter 2. In chapter 3， 
the results obtained from those CEAS experiments will be discussed. A concluding 
remark will be presented in chapter 4. 
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Chapter 2 
Instrumentation and Experiment 
Several cavity-enhanced absorption experiments were performed using our 
home-built high resolution near infrared Tiisapphire laser spectrometer and near 
infrared (NIR) diode laser spectrometer. In this chapter the detailed experimental 
apparatus used in these experiments and conditions will be discussed. Following the 
introduction of the high resolution near infrared spectrometers, various CEAS 
experiments using these spectrometers will be presented. 
A. High resolution Ti:sapphire laser spectrometer 
Fig. 2 shows the schematic diagram of the home-built high resolution Tiisapphire 
laser spectrometer. The centerpiece of the spectrometer is Titanium-doped sapphire 
(Ti:Sapphire) ring laser from Coherent which is optically pumped by a 15-W Argon 
ion laser operated at multi-line configuration from Spectra Physics. The argon ion 
laser is operated under high current 60A) and high voltage supply 500 V)， 
cooling is therefore essential to ensure stable operation. In a normal run, chilled 
water provided by a heat exchanger is used in cooling and at least half hour warm-up 
time is required for the laser to achieve stable operation. 
The NIR output is about 1.5 W with a spectral purity of about 500 kHz root-
mean-square frequency jittering. The monochromatic NIR output can be 
continuously scanned for 24 GHz by applying a DC ramp voltage from - 5 to +5 V to 
electrically tune laser cavity. The starting frequency of each scan can be adjusted by 
applying an offset voltage to the thin etalon assembly to choose one of the etalon 
modes. Because each etalon mode is separated by 0.3 cm"', a change of 20 GHz in 
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frequency can be done by hopping two thin etalon modes. Repeating these two 
procedures, a continuous change in laser output frequency with about 4 GHz overlap 
in each scan can be obtained. A complete coverage of frequency range of ~ 11500 to 
14600 cmfi can be achieved by using three sets of mirrors. While output of the 
Ti:sapphire ring laser is highly monochromatic, the absolute frequency is not known 
clearly unless a frequency calibration is done. To calibrate the output frequency, two 
approaches have been used. In the first approach, a wavelength meter (wavemeter) 
from Burleigh Inc. was used to read the frequency of the laser output directly. The 
wavemeter based on Michelson interferometry^^ (Fig. 3) gives a spectral resolution of 
0.001 cm-i，which sets an ultimate accuracy for this approach. In the second 
approach，frequency calibration was done by using absorption lines of reference 
gases together with frequency makers separated by 300 MHz. The frequency makers 
were generated from a spectrum analyzer (SA) based on Fabry-perot confocal 
interferometer. Since the absorption frequenies of reference gases is well 
documented in literature, the accuracy of this approach relies on the accuracy of 
frequency maker, which depends on spacing of mirrors of the SA. In order to 
minimize the temperature effect, the SA was housed in a vacuum container. The 
accurate marker separation of the SA was determined by measuring the number of 
markers between two h absorptions with known frequencies. An average marker 
separation of 0.00999394 cm"' (299.611 MHz) was obtained from 120 repeated 
measurements of various pairs of absorptions in different regions. Using this value, 
the frequencies for other five pairs of h transitions were measured to examine its 
accuracy. The accuracy obtained from this approach is < 0.0010 cm"^ An in-house 
GUI software for data acquisition was written using LabVIEW programming 























































































































































































































































































































Due to the noise of the Argon ion laser, the NIR output showed about 10 % 
fluctuation in power. It is therefore impossible to detect any absorption signal weaker 
than 10 % absorption, which would be smeared in the noise background. This 
problem was resolved using the phase sensitive detection. 
Phase sensitive detection is a powerful technique in picking up weak signals in a 
very noisy background based on synchronously demodulating signals originally 
modulated at a reference frequency. By modulating the signal at a specific reference 
frequency, one can keep track of a weak signal in strong noise background. This 
signal can then be picked up by demodulating the whole power. Noise at frequencies 
other than the reference is rejected and do not affect the measurement. Two phase 
sensitive detection schemes, namely power modulation and concentration modulation 
were set up for our spectrometer. The latter, being zero-background, gave superior 
sensitivity in a multi-traversal cell. In a preliminarily test to combine the CEAS 
technique with power-modulated phase sensitive detection, a great enhancement in 
sensitivity was obtained. A summary of the experimental condition and detection 
limit of different schemes is given in Table 1. Power-modulated CEAS gave the best 
sensitivity because of the exceedingly long effective optical path together with 
synchronous demodulation. 
B. Diode laser spectrometer 
1. Laser source 
a. Working principle 
A diode laser source TEC 1000 from Sacher was used to build the laser 
spectrometer. The lasing action of a semiconductor diode has been known for years. 
Here we just give a brief description of the principle without the technical details. 
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Table 1. The sensitivity of different detection schemes. 
Detection scheme Experimental condition Sensitivity AI/I 
Multi-pass cell with power 12.0 Torr of Acetylene 5.9 x 10"^  
modulation with 6 kHz chopper 
modulation and beam 
achieve 32 passes 
Multi-pass cell with Nitrogen ions are 2.4 x 10"^  
concentration modulation produced by discharging 
current 1.0 A and beam 
achieve 20 passes 
Direct CEAS 1.0 Torr of water with 1.5 x 10'^  
direct digitization 
CEAS with power 1.0 Torr of water with 4 3.3 x 10'' 
modulation kHz chopper modulation 
13 
At equilibrium, the charge carriers, excess electrons and holes, of a diode device 
are confined to the n- and p-type regions respectively by a potential barrier across the 
junction (Fig. 4). When the junction is forward biased by applying an external 
potential across it, this barrier is reduced and charge carriers are able to diffuse 
across the junction. There are then both holes and excess electrons in the junction 
region and recombination can occur. This allows more charge carriers to move into 
the junction region to replace those lost in recombination, and electrical current 
flows. The recombination of the electrons and holes leads to release in the form of 
photons, giving a light emitting diode. This process does occur in some 
semiconductors such as gallium arsenide (GaAs), but in others such as silicon, the 
energy is lost as heat. 
To make a lasing action, stimulated emission must be able to dominate over 
absorption and spontaneous emission, and there must be an optical cavity. 
Fortunately both are relatively simple to achieve. The population inversion required 
for stimulated emission to dominate is realized by increasing the current through the 
diode. This increases the density of electron-hole pairs in the junction region, and 
thus creates an inversion. The optical cavity is made by cleaving the crystal along 
two parallel crystal planes, perpendicular to the junction plane. This creates optically 
flat and parallel surfaces (Fig. 5). They do not need to be coated to act as laser 
mirrors as the high refractive index of GaAs gives the GaAs-air interface a 
reflectivity of 35% which is found to give sufficient feedback to sustain laser action. 
b. Tuning mechanism 
Fig. 6 is a schematic interior view of the TEC 1000 tunable external cavity in 
Littman configuration. The external cavity is defined by a mirror and a diffraction 
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Fig. 4 The p-n junction 
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Fig. 6 Schematic interior view of the TEC 1000 
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grating. The Zeroth order serves as the output beam. The wavelength selectivity of 
the grating forces the laser to oscillate in one single longitudinal mode. Wavelength 
tuning is obtained by a simultaneous translation and rotation of the grating. Wide 
range tuning is acheieved by mechanical tuning the wavelength adjustment screw 
located at the botoom of the laser head and thereby the angle of grating. Clockwise 
tuning of screw tunes the wavelength to higher values. The emission wavelength can 
also be fine tuned for about 100 GHz by applying a DC ramp voltage from -20 V to 
120 V to electrically tune the mirror through the piezo actuator. 
2. Frequency calibration and data acquisition system 
For frequency calibration and data acquisition, the approach was the same as 
Tiisapphire laser spectrometer except 1.5 GHz of spectrum analyzer was used instead 
of 300 MHz. While the factory specified FSR is 1.5 GHz, test was conducted based 
on the separation of a pairs of water absorptions in different frequency regions to 
accurately determine its value. By 30 repeated measurements, an average of 
0.0515121 cm-i was obtained with accuracy of < 0.001 cm"^ This frequency 
calibration approach is particular useful when applying frequency modulation to 
CEAS, since the output frequency is fast modulated and cannot be read by the 
wavemeter. 
C. Experimental set up and procedure for CEAS 
1. Determination of reflectivity of cavity mirrors 
Three sets of mirrors with different reflectivity, radii of curvature and working 
range were employed to perform CEAS coupled with different modulation schemes. 
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Tests on the performance of those mirror sets have been carried out based on CEAS 
with direct digitization scheme. 
a. Mirror sets I and II 
The experimental setup shown ion Fig. 7 was used for the tests of mirror sets I 
and II. The laser source employed was the Ti:sapphire laser. Mirror Set I is a pair of 
concave mirrors with radii of curvature of 6 m and a factory specified reflectivity of 
0.99991 with mirror wavelength of 760 nm. Mirror set II is composed of concave 
mirrors with radii of curvature of 1 m and a reflectivity of 0.9997 in the spectral 
region of 760 nm. 
The laser beam from Tiisapphire laser was first split by a beam splitter into two 
components. One beam was directed to the ring down cavity cell made of a stainless 
steel tube of 175 cm long and 2 inches diameter fitted with cavity mirror pairs set I or 
II. The other component, on the other hand, was sent to a wavemeter from Burleigh 
with 0.001 cm'i resolution for frequency calibration. Each mirror was mounted on a 
mirror holder with three equally spaced adjustment screw knobs which provide the 
fine tuning for the mirror orientation. A piezoelectric translator (PZT) from Thorlabs 
was installed on one of the mirror mounts to vary the cavity length by applying a 
triangular ramp voltage with peak to peak voltage value of 0-160 V. 
In a normal operation, the output of about 5 mW laser was passed through an 
optical isolator that minimizes the feedback of the return beam from the first cavity 
mirror to the laser source by rotating the polarization angle. The laser radiation was 
coupled into the cavity via accidental mode matching of the laser light and the cavity. 
The orientation of two cavity mirrors can be aligned with respect to the incoming 
laser beam independently by adjusting the screw knobs to achieve multimode 
19 
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Fig. 8 Real signals taken by a digital oscilloscope under quasi-continuous mode 
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configuration in a way that the laser injection was quasi-continuous in time (Fig 8). 
A lens with very short focal length was used to focus the light leaking from the 
cavity to detector. The detected signal was amplified and then digitized by a digital 
oscilloscope from LeCroy with 8-bit vertical resolution. The absorption spectrum 
was obtained by plotting the highest light intensity picked in each 1-s interval against 
wavenumber measured by wavemeter. 
b. Mirror set III 
The experimental setup of this test is depicted in Fig. 9. The laser beam from a 
diode laser with a power of ~5 mW was split to two components. One of the beam 
was directed to a 50 cm long sealed with the cavity formed by two cavity mirrors 
with ultrahigh reflectivity of R>99.995% and a radius of curvature of 4 m. The 
mirror wavelength is 1.4 |xm. An optical isolator was placed in front of the laser 
source to minimize the feedback from the first mirrors to the laser source. The other 
component was sent to a wavemeter from Burleigh for frequency calibration. A 
piezoelectric translator (PZT) was installed on one of the mirror mounts to vary the 
cavity length by applying a ramp voltage to facilitate the mode matching condition. 
A lens with very short focal length focused the light leaking from the cavity to the 
Si-Pin diode detector. The signal was then digitized and stored by the digital 
oscilloscope from LeCroy. The laser frequency was slowly scanned by applying a 
triangular voltage to the laser controller so that a scan rate of 0.1 cm'Vs was obtained. 
2. Power-modulated CEAS 
In applying power-modulated phase sensitive detection scheme (Fig. 10)，a 
mechanical chopper was placed in front of the cavity to chop the laser beam and the 





























































































































































































































































































































































































from Standford Research System to demodulate the signals. The chopping frequency 
was optimized at about 5000 Hz for mirror set I，3500 Hz for mirror set II. While the 
PZT modulation frequency was chosen from 100-1000 Hz and the optimized 
frequency was about 850 Hz for mirror set I，350 Hz for mirror set II. The detected 
signal was demodulated with 1-s time constant and then digitized by oscilloscope 
from LeCroy at a rate of 100 samples per second. 
3. Frequency-modulated CEAS 
The experimental setup of frequency-modulated CEAS is depicted in Fig. 11. 
The laser beam with power of 5 mW from diode laser was split to three components. 
The first component was directed to the cavity formed by mirror set III，separated at 
50 cm, with ultrahigh reflectivity of R>99.9999% and a radius curvature of 4 m. The 
second one was directed to the reference gas cell and the third one was sent to the 
spectrum analyzer. In applying frequency modulation to CEAS, a function generator 
was used to periodically modulate the output frequency of laser source by adding an 
AC sinusoidal voltage at ~1 kHz to the DC ramp voltage for scanning. The signal 
from the detector was demodulated using a lock-in amplifier referenced at the 
modulation frequency. The amplified signal was stored using the DAQ system. 
4. Concentration-modulated CEAS 
a. The hollow cathode discharge system 
The hollow cathode discharge system used in this work was similar to that used in 
our previous work on the C2 Phillips band system��. Fig. 12 shows the schematic 
diagram of the discharge system. The hollow cathode cell is made of a stainless stain 











































































































































































































































































































































































































of ethanol at about 200 K through a coil of copper tubing welded on its outer surface. 
A pair of pyrex glass tubes were mounted at each end of the hollow cathode cell to 
isolate the discharge electrodes from the mirror mounts. The gas was flowed from 
the sidearms of the two pyrex glass tubes and pumped away by a Rotary pump. In a 
typical run, the gas was maintained at a constant pressure of 1 Torr. A pressure meter 
was mounted on a side arm in the middle of the cell to monitor the gas pressure 
inside the cell. 
The high voltage used for gas discharges was supplied by a home-built AC power 
supply that was composed of a function generator, an audio amplifier, and a pair of 
audio transformers. A sinusoid wave at a few kHz from the function generator was 
sent to the audio amplifier, the output from the amplifier was then stepped up by the 
audio transformers to produce high voltage for gas discharges. A typical output of a 
few kilovolts at a peak-to-peak current o f -1 .5 A was obtained. 
Because of the nature of the hollow cathode cell, the discharge turned on only 
when the anode was positive relative to the cathode tube. As a result, in each AC 
discharge cycle, discharges were on for only half cycle. The concentration as well as 
absorption signals of species produced/distroyed by discharges therefore varied 
periodically as shown in Fig. 13. The absorption signal was detected by a photodiode 
detector and processed using a lock-in amplifier referenced at the discharge 
frequency. 
b. Concentration-modulated phase sensitive detection 
The sensitivity of concentration modulation technique was tested before applying 
to CEAS. Fig. 14 shows an experimental setup for testing. The output power of the 
laser source employed was about 200 mW. A pair of mirrors was used to align the 
laser radiation to achieve three traversals with an effective optical path length of 150 
28 
cm. The detected signal was sent to a lock-in amplifier referenced at discharge 
frequency for demodulation with 1 s time constant. The demodulated signal was 
digitized by oscilloscope at a rate of 100 samples per second and then stored in a 
personal computer. 
c. Concentration-modulated cavity enhanced absorption spectroscopy 
The cavity mirrors of Set I were fitted at the pyrex glass tubes which were 
mounted at each end of the hollow cathode as shown in Fig. 15. The laser 
power was about 5 mW. The cavity length was about 75 cm. A PZT was installed in 
one of the mirrors to modulate the cavity length. The modulation was done by 
applying a triangular DC voltage with peak-to-peak voltage of 0-160 V. To 
implement concentration-modulated phase sensitive detection, the cavity was first 
aligned to have a multimode configuration. The PZT modulation frequency was set 
at 10 Hz. About 1 Torr of He gas flow in the hollow cathode cell was maintained. 
The discharge was then started to generate He plasma. At this He pressure, the 
discharge current and discharge frequency were varied from 10 mA to 500 mA and 1 
kHz to 10 kHz respectively. The absorption signal from the discharge plasma was 
detected using a lock-in amplifier referenced at the discharge frequency. 
29 
Fig 13 The typical output current of 500 mA shown by a 60 MHz oscilloscope. 
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Chapter 3 
Results and Discussion 
The results obtained from various experiments of cavity enhanced absorption 
spectroscopy (CEAS) will be presented in this chapter. Three sets of cavity mirrors 
working in different frequency regions with different factory specified reflectivity 
were used to conduct the CEAS experiments, the performance tests of reflectivity of 
these mirrors will also be presented. 
A. Reflectivity of cavity mirrors 
The reflectivity of the cavity mirrors is of fundamental importance in the 
sensitivity of CEAS. The consistency between the measured reflectivity and the 
factory specification indicate the reliability of the measurements. The reflectivity of 
three sets of cavity mirrors with different factory specified reflectivity and radius of 
curvature have been measured based on CEAS with direct digitization. Based on the 
HITRAN 96 Database^^, a suitable transition with known integrated absorption 
intensity was chosen for the tests. From the observed linewidth (FWHM) of the 
transition together with the documented absorption intensity, the observed absorption 
cross section CT was determined, 
CT = the integrated intensity / observed linewidth (4) 
The absorption coefficient at the peak centre, K(V), was obtained by the product 
of o and number density (N). The reflectivity of the mirrors was then deduced using 
K(v) = (So(v) / S(v) - 1) X (1 - R / d) (5) 
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where So(v) and S(v) are the signal with and without absorptive species, R is the 
mirror reflectivity and d is the distance of mirror separation. 
1. Mirrors set I 
Mirror set I is composed of two concave mirrors with radius of curvature of 6 m 
and factory specified reflectivity R ~ 0.99991 at 760 nm. The test was done using 
PZT modulation of 0.4 Hz, a water pressure of 1 Torr, and a cell of 175 cm long. 
Water transition at 12609.0729 cm'' with absorption intensity of 2.660 x 10-24 cm"' / 
(molecule cm"^) as listed in the HITRAN 96 Database^^ was used to conduct the tests. 
The transition shown in Fig. 16a was observed with a fractional absorption of 30% 
and Linwidth of 0.048 cm'^The observed absorption cross section o was calculated 
to be 5.5 X 10-23 CM2 molecules'^ The absorption coefficient at the peak centre K(V) 
was then found to be 1.77 x 10'^  cm"^ 
The reflectivity of the cavity mirror was determined to be ~ 0.9997，which was 
lower than the factory specification. To explain such inconsistency, the signal level 
(in terms of fractional absorption) was carefully studied under different PZT 
modulation frequencies. As shown from Fig. 17，it was observed that the signal level 
gradually increased from 48% to about 60% as the PZT frequency varied from 20 Hz 
to 0.1 Hz. 
It is important to understand in detail the effect of PZT frequency on the 
injection of laser power into the cavity. Fig. 18 shows the resonance pattern using 
different PZT frequency recorded by a digital oscilloscope in an interval of one 
second. It is seen that the buildup intensity increases steadily with decreasing PZT 
frequency. The power injected into the cavity depends on the duration in which the 
resonance condition (between laser mode and cavity mode) is maintained while the 
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laser frequency is continuously scanned. At the same laser scanning frequency, low 
PZT frequency allows long resonance time for building up a stronger signal. High 
power buildup results higher fractional absorption. The fractional absorption, 
therefore, increase with decreasing PZT frequency. The high intensity buildup in 
cavity would only represent the condition of high fractional absorption. If the noise 
level remains the same at different PZT frequency, the sensitivity will increase with 
decreasing PZT frequency. However, this is not the case. 
Mechanical vibration, laser frequency scanning, and fluctuation of laser power 
are the factors that disturb the power build up process. At high PZT frequency, the 
probability of accidental resonance is higher while the duration of resonance is in 
general shorter. It is therefore expected to have more regular resonance patterns but 
lower in power buildup due to relatively shorter resonance time. One the other hand, 
the number of cavity mode provided by PZT modulation reduces at low PZT 
frequency with occasionally some very strong resonance signals. However, these 
strong resonance signals do not appear in every sampling cycle (i.e. one second). As 
a result, the fluctuation in power buildup and hence the noise level becomes much 
greater to give a worse S/N ratio. If the spectrum with the best S/N is to be used to 
determine the reflectivity as we did, an error is therefore expected. 
Fig. 18 shows the signals recorded at different PZT modulation frequencies. It is 
seen that resonance signals appear with much more dense and regular pattern at 20 
Hz compared to those at lower frequencies. It was found that the best signal to noise 
ratio was observed at 0.4 Hz PZT modulation frequency. This modulation frequency, 
however, does not allow complete power buildup and hence limits the fractional 
absorption and sensitivity. This reflectivity determined from the spectrum is 
therefore lower than the specified value. At the best S/N ratio, a detection limit of 
35 
Fig. 16 Results of the experimental set using mirror set I separated at 175 cm. The 
spectra of water absorption at 12609.0729 cm"' with 1 Torr pressure. 
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(a) Spectrum obtained using direct digitization scheme. 
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(b) Spectrum obtained using power-modulated CEAS. 
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Fig. 17 The signal level against the PZT frequency. There is a trend of increase of 
signal level with decreasing PZT frequency. 
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Fig. 18 Signals recorded by a digital oscilloscope under mode matching between 
laser and cavity. The signals recorded under different PZT modulation frequencies. 
The y-axis represents power buildup intensity and the whole trace span for one 
second. 
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20.8 ppm in fractional absorption was determined. 
2. Mirror set II 
Mirror set II is a pair of concave mirrors with radius of curvature of 1 m and 
factory specified reflectivity R ~ 0.9997 at 760 nm. The same water transition at 
12609.0729 cm"' was employed in this test. The spectrum shown in Fig. 19a was 
recorded under 1 Torr water pressure, 10 Hz PZT frequency, and cell length of 175 
cm. The fractional absorption and linewidth were observed to be 30% and 0.0450 
cm' \ respectively. Following the same procedure in the previous section, the 
absorption coefficient K(V) was determined to be 1.77 X 10'^  cm]: Applying equation 
5, the reflectivity of mirror set II was determined to be 0.9997，which is consistent 
with the factory specified value of 0.9997. In other words, the lower reflectivity 
allows a shorter ring down time that matches well with the cavity length. The 
detection limit of this setup was deduced to be 32 ppm. 
3. Mirror set III 
Mirror set III is composed of a pair of concave mirrors with radii of curvature of 
4 m and factory specified reflectivity R � 0 . 9 9 9 9 5 . A transition of carbon dioxide at 
6900.39521 cm"' was used for checking the reflectivity. Fig. 20 shows the spectrum 
recorded at a pressure of 2.5 Torr and a cell length of 50 cm. The observed linewidth 
and signal-to-noise ratio were 0.017 cm'^ and 20, respectively. According to the 
Hitran 96 database, this transition gives an integrated absorption of 7.25 x cm"' 
/ molecules cm" .^ The absorption cross section of 4.3 x lO'^ "^  cm^ moledes] was 
determined. k(v) is then determined to be 3.49 x 10'^  cm"^ The reflectivity of the 
mirrors was determined to be 99.995 % which is consistent with the factory specified 
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value. The corresponding detection limit of this setup was 0.87 ppm in fractional 
absorption. 
B. Power-modulated CEAS 
1. Results using mirror set I. 
Power-modulated phase sensitive detection was applied to CEAS using mirror set I 
with factory-specified reflectivity of 0.99991 at 760 nm. For the same water transition 
at 12609.0729 cm'^  with 1 Torr pressure, the signal to noise ratio was improved by a 
factor of four as shown in Fig. 16b, exhibiting a sensitivity of 5.2 ppm. 
The effect of modulation frequency and laser chopping frequency, respectively, on 
the signal to noise ratio were extensively investigated. The effect of laser chopping 
frequency is shown in Fig. 21. It is obvious that the S/N ratio is not very sensitive to 
the change of chopping frequency. Nevertheless, the signal to noise ratio reached a 
maximum at 5000 Hz chopping frequency and started to drop at high frequency. This 
may be due to the shorter injection time at higher laser chopping frequencies. The 
effect of PZT modulation frequency is shown in Fig. 22. The best S/N ratio was 
obtained at about 850 Hz PZT modulation frequency. It is seen that the S/N ratio 
changed from ~23 at 150 Hz to a maximum of � 6 0 at 850 Hz. 
2. Results using mirror set II. 
Using mirror set II with a reflectivity of 0.9997 at 760 nm, the power modulation 
scheme was used for CEAS detection. The laser chopping frequency and the PZT 
modulation frequency were varied independently to maximize the signal to noise 
ratio. Figs 23 and 24 display the effect of laser chopping frequency and PZT 
modulation frequency respectively. The optimum S/N ratio was obtained at laser 
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Fig. 19 Results of the experimental set using mirror set II separated at 175 cm The 
transition of H2O at 12609.0729 cm'' recorded at a pressure of 1 Torr. 
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(b) Spectrum obtained using power-modulated CEAS. 
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Fig. 21 The effect of laser chopping frequency on signal to noise ratio. The water 
absorption at 1 Torr was measured at 12609.0729 cm"^ The cavity was formed by 
mirror set I separated at 175 cm. 
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Fig. 22 The effect of PZT modulation frequency on signal to noise ratio. The water 
absorption at 1 Torr was measured at 12609.0729 cm"'. The laser chopping 
frequency was set at 5000 Hz. The cavity was formed by mirror set I separated at 
175cm. 
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Fig. 23 The effect of chopping frequency on signal to noise ratio using power 
modulated phase sensitive detection. The best signal to noise ratio was observed at 
-3500 Hz. The cavity was formed by mirror set II separated at 175cm. 
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Fig. 24 The effect of PZT frequency on signal to noise ratio using power modulated 
phase sensitive detection. The best signal to noise ratio was observed at � 3 5 0 Hz. 
The cavity was formed by mirror set II separated at 175cm. 
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chopping frequency of 3.5 kHz and PZT modulation frequency of 350 Hz. The 
recorded water transition at 12609.0729 cm'^  due to water vapor at a pressure of 1 
Torr is shown in Fig 19b. At a fractional absorption of 30%, a S/N ratio of 40 with a 
linewidth of 0.0045 cm"' was observed. This gives the sensitivity of 7.8 ppm using 
power modulation. 
3. Discussion 
In our preliminary study of power-modulated CEAS using mirror set II，an 
improvement factor of about 20 in sensitivity was observed^®. By replacing the cavity 
mirror using set I, the improvement factor was only 4. These observations may be 
ascribed to the fact that at fast PZT and laser modulation frequencies, the resonance 
time is too short to complete the power injection process. As a result, both signal and 
noise are reduced by the modulation scheme to give rise to a lower improvement 
factor in S/N ratio. Further study is underway to design a cavity with appropriate 
length to fully utilize the advantages of high reflectivity cavity mirrors. 
C. Frequency-modulated CEAS 
Preliminary studies of frequency-modulated CEAS was attempted using Mirror 
Set III with a reflectivity of 0.99995 at 1.4 \im. A transition of CO2 at 6988.15 cm"^  
with an integrated absorption of 3.46 x / (molecules cm"^) was measured. Fig. 
25a shows the spectrum obtained at a pressure of 0.4 Torr recorded by directly 
digitizing the detector signal without applying laser modulation. A fractional 
absorption of about 90% with S/N of 36 was observed. When frequency modulation 
was applied, the detector was saturated at the same pressure. By reducing the 
pressure to 0.1 Torr, a spectrum was recorded using laser modulation frequency of 1 
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kHz and a time constant of 1 s (Fig. 25b). As shown in the figure, the S/N ratio was 
slight improved even though the gas pressure was reduced. Accounting for the 
concentration effect, an improvement factor of about five to six was obtained by 
using frequency modulation. 
While these preliminary results have shown the improvement in sensitivity using 
frequency modulation, more extensive study are yet to be done. First of all, the 
transition chosen for this study was a bit too strong that line distortion due to 
saturation was expected under our experimental conditions. Furthermore, the laser 
modulation frequency of 1 kHz was a bit too low that 1/f noise might result. In order 
to use higher laser modulation frequency, tune-burst type scheme will be employed 
in future once the necessary components are available. To date, it is of little doubt 
that frequency modulation scheme, like power modulation scheme, provide a better 
sensitivity compared to direct digitization approach. 
D. Concentration-modulated CEAS 
Concentration-modulated CEAS was done using mirror set II and the Ti:sapphire 
laser spectrometer. Before the implementation of concentration modulation to CEAS, 
the performance of the discharge system was tested using helium plasma generated 
by AC discharges in a multi-traversal cell. 
1. Concentration modulation phase sensitive detection 
A multi-traversal hollow cathode cell of 50 cm long was setup for this test. The 
helium plasma was generated using AC discharges of 1 Torr pure He at a frequency 
of 5 kHz. The discharge current was typically 500 mA at peak-to-peak. We used a 
transition at 12857.5510 cm"' due to the He Ryderg states to perform the test. The 
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Fig. 25 The transition of CO2 at 6988.15 cm'', (a) Spectrum recorded at a pressure of 
0.4 Torr by direct digitization, (b) Spectrum obtained at a pressure of 0.1 Torr with 
frequency-modulated CEAS. 
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transition exhibited a fraction absorption of 0.000275 % with S/N ratio of 24 using 2 
passes (Fig. 26). Since there is no documented integrated absorption intensity for this 
transition, we were not able to calculate the corresponding detection limit of this 
setup. Nevertheless, from the improvement factor of S/N ratio, it is still possible to 
estimate the sensitivity improved using concentration modulation for CEAS. 
2. Concentration-modulated CEAS 
Concentration-modulated CEAS was performed using the same hollow cathode 
cell by replacing the Brewster windows with Mirror Set II. In the first trial using the 
same discharge conditions, a spectrum shown in Fig. 27 was obtained in the same 
region as Fig. 26. The unusual shape of the transition was unexpected and yet to be 
explained. In the second trail, the spectrum was recorded using direct digitization 
scheme. It was found that the absorption was saturated with very high noise 
background (Fig. 28). The transition was saturated even if the discharge current was 
reduced to 20 mA p-p. This observation suggested that the extremely long path 
resulted from CEAS more than compensated the low concentration due to reduced 
discharge current. On the other hand, the discharge noise, which was also modulated 
by the phase-sensitive detection, was also picked up. This noise not only gave rise to 
a poor S/N ratio in low current regime but also partially washed out the absorption 
signal in high current regime. In order to prove this point, the absorption was 
detected using power modulation scheme at 3-kHz laser chopping. It was found that 
noise was greatly reduced to the typical level observed in Section 3B (Fig. 29) as the 
discharge noise was not picked up at the chopping frequency. These preliminary 
results indicated that further modification in the experimental setup will be needed to 
















































































































































Fig. 27 The spectrum shows the scan covering the transition due to He Rydberg 
states at 12857.5510cm'^ Unusual shape of the transition was observed. 
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Fig. 28 The spectrum of transition due to He Rydberg states at 12857.5510 cm"' 
resulted from direct digitization. 
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The removal of discharge noise from the detector signal is of crucial importance 
in the success of concentration-modulated CEAS. Nevertheless, this is by no means 
an easy task. One possible approach is to use the noise subtraction technique in 
which signals from a reference discharge cell is subtracted from the signals of sample 
discharge cell. To maximize the efficiency of this approach，the two discharge 
system should be perfectly matched, a requirement that is practically very difficult to 




In this thesis, I have discussed various experiments to investigate possible 
improvement of cavity-enhanced absorption spectroscopy using phase sensitive 
detection. It was a wonderful opportunity to handle various scientific instruments and 
to deal with a lot of challenges during my three years of research life. Most 
importantly, the problem solving skills I learned will be valuable and useful for the 
rest of my life. 
To summarize, CEAS using three mirror sets has been studied using our home-
built Ti:sapphire laser spectrometer and diode laser spectrometer. Power-modulated 
CEAS with the Ti-sapphire laser spectrometer and a cavity consists of mirror set I 
separated at 175 cm exhibits a detection limit of 5.2 ppm. This sensitivity suggests 
that the reflectivity of mirrors may not be fully exploited under experimental 
arrangements. For CEAS using diode laser spectrometer and a cavity consists of 
mirror set III separated at 50 cm, the detectable fractional absorption of about 1 ppm 
was observed. Preliminary results of frequency-modulated CEAS using diode laser 
spectrometer suggest that improvement in sensitivity can be achieved compared to 
direct digitization scheme. 
The implementation of zero background concentration modulation scheme to 
cavity enhanced absorption spectroscopy has also been attempted. The observation 
under a variety of discharge currents and frequencies has shown that the discharge 
noise appears to be dominated in the detector signals. Further modification to remove 
the discharge noise will be crucial in making the approach applicable. To end this 
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thesis, I would like to express my appreciation for the valuable input by many 
researchers whose contributions have been essential in carrying out this work. 
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